Crossing the Scalar Rubicon:
Once or Twice?

John Ellis
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Completing the Holy Trinity

» Scale hierarchy possible only in theory that can be
calculated over many magnitudes of energy .

Renormalizable
» Theorem: (1) vectors (2) fermions (3) scalars
° Need to Specify- Cornwall, Levin & Tiktopoulos;

Bell; Llewellyn-Smith
(1) group (2) representations (3) symmetry brekmg :
(1) =SU(3) x SU(2) x U(1) [so far] PO s,

| (2) = Singlets + doublets + triplets
|+ Finally: YWY
: (3)Ascalar mechanlsm of symmetry breaklng iy, & .,0 - [E




Scalars Come of Age

A new boson discovered at the LHC

— A scalar, beyond any reasonable doubt

— Consistent with the Higgs of the Standard Model
Circumstantial evidence for scalar inflaton

— Q ~ 1, tilt in spectrum of scalar perturbations, ...
— No sign of non-Gaussianity, strings, defects, ...

Data compatible with Starobinsky (R + R%) model
Similar predictions in Higgs inflation: BUT M,,?
Also consistent with simplest Wess-Zumino model

No-scale supergravity with WZ = Starobinsky!
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The Quest for the Higgs Boson

The Higgs boson is just one of the objectives of the LHC o

/ - »
AW~ 9. g T RN T , W - . ~ - T - > L e L TRTETT ™




| Unofficial Combination of Higgs Search
Data from March 6th

1ift - 10Mb 0610312013

IS this the

Higgs Boson?
m M = 125.6 + 0.3 GeV “‘||||“
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N o S O Higgs here!
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Couples like Higgs of Standard Model
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|+ No indication of any significant deviation from

| the Standard Model predlctlons
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JE & Tevong You, arXiv:1303.3879
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IS HC finng the missig piece? '

Is it the right shape?

Is it the right size?



What 1s 1t ?

Does it have spin 0 or 2?

Is it scalar or pseudoscalar?

Is it elementary or composite?
Does it couple to particle masses?
Quantum (loop) corrections?

What are its self-couplings?




| Does the ‘Higgs’ have Spin Two ?

Discriminate spin 2 vs spin 0 via angular —
distribution of decays Into yy  EECIEEEEOERRITL

N,,;~160, High S/B
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The ‘Higgs’ 1s probably a scalar

Pseudoexperiments

CMS prefiminary  {5=7TeV,L=5110" 5=8TeV,L=196%" . (0.3 T
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2xIn(L, /Ly log(L(H)L(H))

Pseudoscalar O- disfavoured at > 99% CL
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Global Analysis of Higgs-like Models

« Rescale couplings: to bosons by a, to fermions by ¢

e T

GLOBAL Combination

'ﬂ No evidence for
deviation from SM
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d

| ° Standard MOdEI: a — C — 1 JE & Tevong You, arXiV:1303.3879
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It Walks and Quacks like a Higgs

* Do couplings scale ~ mass? With scale = v?

—_—_— o
Power law best fit (M — 244.03910 , € =—0.022"02 )

14e e+
) , gy = 2 Ul+2

Global [
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Loop Corrections ?

« ATLAS sees excess in yy, CMS sees deficit
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GLOBAL Combination
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Beyond any Reasonable Doubt

Does It have spin 0 or 2?
==  — Simple spin 2 couplings excluded —
o Is it scalar or pseudoscalar? s
— Pseudoscalar strongly disfavoured :

Is it elementary or composite?
— No significant deviations from Standard Model

Does it couple to particle masses?
— Prima facie evidence that it does

Quantum (loop) corrections?
4 — yycoupling > Standard Model?

|

| o What are |ts self coupllngs’? Hi- Ium| LHC or ...?

I JIP Crew s, T N R J TRAEE O W i L

D




What else 1s there?

Supersymmetry

o Successful prediction for Higgs mass
— Should be < 130 GeV in simple models

o Successful predictions for couplings
— Should be within few % of SM values
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Cosmological Inflation in Light of Planck

Angular scale
90°  18° 1° 0.2° 0.1° 0.07°

2 10 50 500 1000 1500 2000 2500
Multipole moment, 7

A scalar in the sky? Higgs? Supersymmetry?




Inflationary Models in Light of Planck

Planck CMB observations consistent with inflation
Tilted scalar perturbation spectrum:
n, = 0.9603 =% 0.073

BUT strengthen upper limit on tensor
perturbations: r < 0.10 '“

Challenge for monomial
Inflationary models

1+ Starobinsky R2? Higgs?

|« Wess-Zumino to rescue?

Planck+WP
B Planck+WP+highL | |
| B Planck+WP+BAD
I Natural Inflation
——  Power law inflation

5B SUSY
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Tensor-to-Scalar Ratio (r)

0.00 0.05 0.10 0.15

0.936 0.044 0052 0960 00968 0976 0.084 0.992 1.000
Primordial Tilt (n,)
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Starobinsky Model

« Non-minimal general relativity (singularity-free

I 1
cosmology): / o /—g(R + R®/6M?)
. Noscalar!? =~ 2  starobinsky, 1980 |1

« Inflationary interpretation, calculation of

perturbations:
1 , ar:
SSb - "2_J.d4x [qg 2‘VQ¢VG¢+(': + U242 ¢{I

|* Conformally equivalent to scalar field model:

1 - 3 :
= fd4$1/—§ [R+ (Ou¢')? — EME(I — e V23 }?]
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Higgs Inflation: a Single Scalar?

Bezrukov & Shaposhnikov, arXiv:0710.3755

|+ With potential: vy = 2z (HE‘KP’( 7 ))E

Successful mflatlonary potent;al at x > Up ‘ !'E

 Standard Model with non-minimal coupling to
graVIty: 5, — /d*mﬁ{ M +£h2R

2

0y ho* h B i 9 9)2
—+ 5 1 (h v ) }

e Consider case 1 <« /€ < 1017 ; In Einstein frame
Sp = [d4x\/—_§{ _ @fu Oux07x _ U(k)}

. 4¢? V6Mp
Similar to Starobinsky, but not identical .
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Higgs Inflation: a Single Scalar?

« Successful inflation for . _ \/E Ncose _ oo M
£=~\/3 027 ~ 49000v/\ = 49000 NP
E Ulx) . . 10 — ] |
- WMAF’ N= 59 60
MR 1 08| Ml e|l@ .
C md€ o | O 1 B
& 06 SM+Eh°R m | | _: =3
s HZ W ~
04 F —
aw*iE2ie + 02l ]
oL 0.0 Ee- . o
en 0.90 0.95 Ne 1.00 1.05 ,
e BUT: Bezrukov & Shaposhnikov, arXiv:0710.3755 *:‘ |
" - L,,
| — Need to take into account > 2-loop corrections <

| —RequiresA >0 beyond M;: need M, > 127 GeV?
- Questlon of naturalness
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Higgs Inflation vs the LHC

 Effective Higgs potential quartlc parameter k

010 [

A >0 at low scale _
» Higgs inflation needs = oo *Lm:mﬁﬂ
L>0beyond M, ¢ ™
|+ BUT: renormalization & N iy
by t quark drivesA <0 —o Gﬁ :
at some scale A e e o o o o 7 00 [

RGE scale uin GeWV

|+ A probably <0 @ M, — vacuum unstable
N Vacuum could be stablllzed by Supersymmetry .




Effective Potential in Single-Field Model

Consider single real field with double-well

potential: v = ag2w -9, V(0
Shallower than @2 for |
O<op<V

Better tensor-to-scalar

ratiorforO <o <v inflation /

Steeper than ¢ for

@ <Qor>v:worser




Inflation Cries out for Supersymmetry

Want “elementary” scalar field -
(at least looks elementary at energies << M)
To get right magnitude of perturbations
Prefer mass << M;
(~ 1013 GeV in simple @? models)
And/or prefer small self-coupling A << 1
Both technically natural with supersymmetry

JE, Nanopoulos, Olive, & Tamvakis: 1983 =
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Effective Potential in Wess-Zumino Model

: w o= L2 Ag -
. 2 3 "
|+ Effective potential: v = % . Av(z* — 2cos02” + 27)
'_ . Equivalent to single-field— :
| model for 6 = 0 (good)
|+ Combination of ¢ + ¢*
| for 0 =m/2 (no good) === nflation
|« Good inflation for GoEEEEsSEr 4
E suitable p, A
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| Wess-Zumino Inflation in Light of Planck

 Consistent with Planck for x; = 0.3, 0.4

Value of z; 0.1 0.2 of 0.4
Derived quantity

H”%—E 18000 4200 1600 710
€ 0.0085 0.0067 0.0045 0.0020

1 0.0062 0.00074 -0.0073 -0.022
£ -0.000053 -0.000077 -0.000079 -0.000050 3
r 0.14 0.11 0.072 0.031

e 0.961 0.961 0.958 0.945 =
g —14x107%| —1.3 x10~° 14x107% | —1.1 x 10784 |
A 4.3 x 107 1.0 x 1077 2. 107 4.1 x 107

Good

Numbers calculated for N = 50 e-folds

" S ek Inflation
g T Rl e ot S | Croon, JE & Mavromatos arXiv:1303.6253
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Wess-Zumino Inflation in Light of Planck |

 Consistent with Planck for x; = 0.2, 0.3, 0.4
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No-Scale Supergravity Inflation

» The only good symmetry is a local symmetry

Early Universe cosmology needs gravity
Supergravity

BUT: potentials in generic supergravity models

have potential ‘holes’ with depths ~ — My*

Exception: no-scale supergravity
— Appears in compactifications of string

— Flat directions, scalar potential ~ global model +

controlled corrections

; :-ir =

M




No-Scale Supergravity Inflation

'+ Simplest SU(2,1)/U(1) example:

o Kahler potential: K = —-3In(T+T* —|¢|?/3)

A

o 1K r_ Pg2
Superpotential: w = Jo* - ¢

» Assume modulus T = ¢/2 fixed by ‘string
dynamics’




No-Scale Supergravity Inflation

* Interms of canonical field y: »- rtanh(

)

-‘Em|

Leps =sech®((x —x")/V3) [|0ux]? —
(= }‘smh (x/V3) (,u,cﬂsh[xf\/r_} vr_lsmh{xf\f_} ”

|+ Define x —(mﬂy )/V2, i = puy/e/3, choose A = #;3

’t‘ Eef_f — = seﬂ2(1fg/f y) ((@ .'13}2 + [a#y)z) o + .:
£ . \/i,f_am
""32 T 5 se\cﬂ{i\/ﬁy} (cnsh \/2,73:-':] —cos/2/ 33:!') 2

- |* Dynamics prefers y = 0: v = ,2e=V2/3= sinh?(z/v/6)

JE, Nanopoulos & Olive, arXiv:1305.1247
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No-Scale Supergravity Inflation

|+ Inflationary potential for \ ~ ;./3

B o e o e e e e S e e e m— — — — T T I
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- Similar to global case
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JE, Nanopoulos & Olive, arXiv:1305.1247



No-Scale Supergravity Inflation
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JE, Nanopoulos & Olive, arXiv:1305.1247

|+ Good inflation for A ~ /3
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o Starobinsky model:

1

S — E/d4I1f —Q(R—F_Rg/ﬁﬂ'fg)

|+ After conformal transformation:
- - 3 1
S = 5/(1’.4;1:1.! —g [R + (Ou¢’)? — 5111’2(1 _ e V/2/3¢')2 =
I - 3 1 —/2/3¢"\2 - P\é‘
- |+ Effective potential: V' = M7(1 ¢ ) Es
- |« ldentical with the no-scale Wess-Zumino model |~
" for the case \ = /3 E

1t actually IS Starobinsk

e — -—" ' JE, Nanopoulos & OI|ve arX|v 1305 1247



Summary

The dawn of the scalar era:

— A Higgs boson at the LHC

— A cosmological inflaton (?)

Both would welcome supersymmetry

— Hierarchy, mass and couplings of Higgs
— Planck © Wess-Zumino inflationary model

It seems that we must learn to live with (fairly)

elementary scalar fields

Can supersymmetry be far behind?

ERee-—

;_'l'{ |




| Think of things for the
experiments to look
for, and hope they find

something different

‘_ '

Y AR
Conversation with Mrs Thatcher: 1982
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Then we would not
know how to proceed!

What do you do? Jas

Wouldn’t It be
better If they

found what
you predicted?
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Basic Inflationary Formulae

Strength of perturbations:

VA
(—) = 0.0275 x Mp;

£

Slow-roll parameters:

1 ) _l;,_ N\ 2 . L;,u . L,«'IL;" rn

Tilt of scalar perturbations: ,,, = 1—6¢+ 2

Tensor-to-scalar ratio: » = 16e
Number of e-folds: v v? /(i)d
!z — i
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In Light of Planck
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The Higgs Boson

 Higgs pointed out a massive scalar boson
{824 V"' () Haw,) =0, (2b)

Equation (2b) describes dees whose quanta have
(bare) mass 2@ V" (@, )2

e “... an essential feature of [ thlS] type of theory
.. 1s the prediction of incomplete multiplets of
vector and scalar bosons”

» Englert, Brout, Guralnik, Hagen & Kibble did
not comment on Its existence

“ - Discussed in detail by Higgs in 1966 paper
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48 A Phenomenological Profile
of the Higgs Boson

First attempt at systematic survey

A PHENOMENOLOGICAL PROFILE OF THE HIGGS BOSON

John ELLIS, Mary K. GAILLARD * and D.V. NANOPOULOS **
CERN, Geneva
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Eecejved 7 Moveinbey 1975

~ A discussion is given of the production, decay and observability of the scalar Higgs
boson H expected in gauge theories of the weak and electromagnetic interactions such as
the Wemnberg-Salam model. After reviewing previons experimental limits on the mass of

We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass ot the Higpgs boson, unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage
big experimental searches for the Higgs boson, but we do feel that people performing
| | experiments vulnerable to the Higgs boson should know how it may turn up.
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2011: Combining Information from
Prevmus Dlrect Searches and Indlrect Data

Theory uncertainty
—— Fit including theory errors
--- Fit excluding theory errors




